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Abstract
An approach to quantify the grinding behaviour of different materials is presented. Based on a dimensional analysis and on fracture
mechanical considerations, two material parameters, fMat. and Wm,min, are derived theoretically. fMat. characterises the resistance of particulate
material against fracture in impact comminution. fMat. comprises the effect of particle size on fracture and the resistance against the external
load which is quantified by the specific impact energy. Wm,min characterises the specific energy which a particle can take up without fracture.
Values for fMat. and Wm,min which determine the grindability of different materials are given. Both the dimensional analysis and the fracture
mechanical considerations lead to the same influence of initial particle size, mass-specific impact energy and newly derived material
parameters on the comminution result. Experimentally, the material parameters are determined by single-particle impact tests. Together with
the initial particle size and the impact energy, they allow for a quantitative description of the breakage probability of different materials in the
form of a mastercurve and can also be applied for the qualitative description of the breakage function. The results for five polymers,
limestone and glass spheres of different sizes are shown.
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Keywords: Breakage probability; Breakage function; Single-particle tests; Grinding; Comminution; Material properties; Mastercurve
1. Introduction
In grinding processes, machines and products interact in
a complex way coupled by the operational parameters. The
quality of the process result, usually the particle size
distribution of the ground material, depends on every single
apparatus involved, mainly mill and classifier, and the
material’s performance in each of those. A profound under-
standing of the whole process therefore requires a good
understanding of every single component contributing to the
comminution result. For the size reduction process, the
stressing conditions, which are determined by the opera-
tional conditions, and the materials reaction to the applied
stress have to be known. Furthermore, this understanding
has to be quantified, if the process shall not only be
understood better but also modelled predictively.
Fig. 1 illustrates an approach to describe the interaction
of machine and material by differentiation between a
machine and a material function for the unit operation
grinding [1]. The machine function comprises the type of
mill as well as all the operational conditions. By choosing
the mill, the kind of particle stressing is defined. To choose
the right type of mill depends, amongst others, on the
material function of the feed material. The material function
comprises the interaction of all grinding-relevant particle
and material properties and relates them to the material-
specific grinding performance. Impact mills are used for the
grinding of viscoelastic materials. Within the stressed par-
ticles, higher stresses can be achieved with increasing stress
velocity and decreasing temperature. The operational con-
ditions of the mill, on the other hand, determine the number
of stress events, their intensity and the distribution of both.
Operational conditions can be characterised, e.g. by the
revolution speed, the air flow rate and the particle concen-
tration. For impact mills, the speed of the hammers or the
particle velocity, respectively, correlates with the stress
intensity. The number of stress events depends on the
residence time distribution of the particles in the mill.
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Investigations on stress intensity and number have been
carried out by Schwedes et al. for stirred media mills [2,3]
and sieve hammer mills [4], respectively.
Every material performs differently in the milling process
and exhibits different grinding characteristics. So far, a
systematic description of the grinding performance of differ-
ent materials is impossible. Only one publication [5] is
known to the authors trying to classify different materials by
their grinding performance. This is done by a phenomeno-
logical description of the materials’ structure in relation to
the result of grinding tests. Five classes of materials are
introduced. A quantitative characterisation of the grinding
performance is currently beyond scope, and therefore, the
comparison of different materials concerning a comminu-
tion process can only be done by the help of milling tests.
These tests give results which are valid only for the type of
mill applied in the experiment. The possibility to transfer
these results to other mills is debatable. This situation and
the lack of understanding the influence of material proper-
ties have on the comminution is highly undesirable.
In this paper, an approach which describes the impact
grinding performance of different products independently
from mill properties is introduced. It can be derived on the
basis of a dimensional analysis by Rumpf [6] or applying
fracture mechanics to the comminution problem as previ-
ously done by Weichert [7]. The evaluation is carried out
with results of single-particle impact tests of polymers,
limestone and glass spheres.
2. Theoretical approach
The grinding of particles is a complex problem, which
can be approached by fracture mechanical considerations.
Two different procedures will be applied here in order to
improve the understanding of the size reduction process: a
generalising dimensional analysis approach proposed by
Rumpf [6] as well as a detailed fracture mechanical model
by Weichert [7] will be followed and modified.
2.1. Similarity considerations
For the breakage of geometrically similar and physically
identical particles, Rumpf [6] derives from a dimensional
analysis that a similar breakage pattern is to be expected if
the elastically stored strain energy per unit volume of the
particle WV multiplied with the initial particle size x is
constant.
WVx ¼ const: ð1Þ
A similar breakage pattern exists if all cracks form
similarly. Therefore, the crack pattern can be described by
a single characteristic length. The ratio of characteristic
crack length and initial particle size has to remain constant
to fulfil similarity. Then, the distribution function of the
dimensionless crack length is identical for particles of
different size.
From the similarity in the breakage pattern, Rumpf
concludes that the surface area per unit of volume of the
product is inversely proportional to the initial particle size x.
The specific surface area is a derived value, characterising a
mean property of the particle size distribution. From the
similarity of the breakage pattern, two more closely related
functions can be received describing the breakage behaviour
directly: the breakage probability S and the breakage func-
tion BF.
The breakage probability describes the fraction of par-
ticles which is destroyed in an experiment. For regular
shapes such as spheres or cubes, the breakage can be
determined by fragments missing from the original shape.
This cannot be realised reasonably anymore for a large
number of irregular-shaped particles. As an approximation
for the breakage probability, the fraction of broken particles,
e.g. the mass fraction of particles smaller than the feed size
of a narrow size distribution, will be used equivalently in the
following.
In the most simple case, a single crack running through a
particle leads to breakage, i.e. if the maximum crack length
reaches the dimension of the initial particle size, the particle
is destroyed. This is valid for more complicated crack
patterns as well. Therefore, a similar breakage pattern leads
to the same breakage probability and should therefore be
achieved (for geometrically similar and physically identical)
particles when WVx = const.
The breakage function describes the size distribution of
the fragments, not taking into account the amount of
undestroyed particles. A similar fracture pattern according
to Rumpf is characterised by a similar distribution of cracks
within the particle. However, a similar distribution of cracks
leads to a similar distribution of fragments. Thus, the
breakage function should be similar if the grinding took
place at a constant value of WVx = const. The same correla-
tion was found by Weichert [7], deriving a model for the
particle size distribution of the finest 10% from fracture
mechanics.
Fig. 1. Product engineering for the grinding process.
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In addition, by dimensional reasoning, Rumpf derives
Eq. (2) to describe the similarity of breakage of particles of
similar shape but different material, i.e. different physical
properties. Again, the similarity is quantified by the product
of specific surface area and initial particle size x. In Eq. (2),
bmax denotes the crack extension energy per unit of created
surface area, vfract, the velocity of the crack propagation, vel
the velocity of the propagation of elastic waves, vd the
velocity of the deformation, li the initial crack length or flaw
size, E the Young’s modulus, m the Poisson ratio and q the
particle density.
SV x ¼ f WV
E
;
WVx
bmax
;
vfract
vel
;
vd
vel
;
li
x
; m
 
with vel ¼
ﬃﬃﬃﬃ
E
q
s
ð2Þ
For the case of impacting particles which is the focus of
this paper, the deformation velocity vd and the specific
impact energy WV are dependent variables. The velocity of
the propagation of elastic waves can be calculated according
to Eq. (2) for PMMA and PS to be in the range between
1600 and 1800 m/s. Williams [8] gives as maximum value
for the crack propagation in PMMA a velocity of 500–900
m/s. This leads for PMMA to a ratio vfract/vel of 0.3–0.6.
Although both velocities are in the same order of magni-
tude, the elastic wave propagation is still faster than crack
propagation. Therefore, crack propagation will be consid-
ered as a quasistatic problem and the influence of vfract/vel
will be neglected. The same holds for the ratio of vd/vel.
With impact velocities up to 200 m/s, which is the max-
imum realised technically for hammer mills at the moment,
this ratio is far smaller than unity and the loading can be
considered quasistatic. This reduces Eq. (2) to:
SV x ¼ f WV
E
;
WVx
bmax
;
li
x
; m
 
ð3Þ
As above, again, the similarity derived by Rumpf for the
specific surface area can be applied to the breakage prob-
ability S or the breakage function BF:
S;BF ¼ f WV
E
;
WVx
bmax
;
li
x
; m
 
ð4Þ
The difference in the material is thus characterised by the
Young’s modulus E and the Poisson ratio m determining the
deformation behaviour, the crack extension energy bmax and
the initial flaw size li as measure for the toughness of the
material.
2.2. Fracture mechanical model
Weichert [7] introduced the Weibull statistics [9] to the
field of comminution in order to describe the probability of
particle breakage. The following slightly modified approach
is based on his procedure.
The Weibull statistics is based on the principle of the
weakest link in a chain. It gives the probability S for the
fracture of a chain which consists of z links of strength rS
when the load r is applied. It should be pointed out that in
Eq. (5), r does not necessarily denote a stress but a load in
general. In Eq. (5) m denotes the Weibull parameter of the
probability distribution.
S ¼ 1 exp z r
rS
 m 
: ð5Þ
For impacting elastic spheres, the Hertz [10] theory
allows the calculation of the pressure distribution within
the contact circle (Eq. (6)). Gildemeister [11] showed that
for impacting spheres, the stress field r within the sphere is
similar for spheres of different diameters and is proportional
to the maximum pressure pmax in the contact circle. He [11]
also showed for PMMA that inelastic effects on the defor-
mation can be neglected.
rfpmax ¼ 0:84 E
1 m2
 1þ E
ET
1 m2T
1 m2
 4
5 1 m2
E
qv2
 1
5
ð6Þ
In Eq. (6), E and ET denote the Young’s modulus of the
particle and the target, respectively, m and mT the Poisson
ratio of the particle and the target, respectively, v the impact
velocity and q is the particle density. Interpreting the load in
Eq. (5) as stress and applying Eq. (6) to both the stress r and
the strength rS, the load term in Eq. (5) can be characterised
by the equivalent velocities v and vS:
r
rS
¼ v
2
v2S
 1
5
ð7Þ
It can be assumed from Refs. [11] and [12] that crack
initiation and particle breakage start at the circumference of
the contact circle (simplifying Weichert’s assumption of
beginning breakage on the whole surface). At the circum-
ference of the contact circle, the highest tensile stresses
occur. Flaws and initial cracks in this area are subjected to
these high stresses and are most likely to initiate particle
failure. Whereas Weichert’s analysis leads to expressions
which cannot be calculated with the objective of separating
material properties from external load, the above simplified
approach leads to an analytical solution. When a statistical
distribution of flaws and micro-cracks is assumed, then the
circumference or the diameter of the contact circle can be
regarded as the equivalent to the number of chain links
needed for the application of the Weibull statistics. The
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diameter of the contact circle can be calculated from Hertz’
theory according to Eq. (8).
a ¼ 0:66x 1þ E
ET
1 m2T
1 m2
 1
5 1 m2
E
qv2
 1
5
ð8Þ
Inserting the above two equations into Eq. (5) leads to
S ¼ 1 exp

 const: x 1þ E
ET
1 m2T
1 m2
 1
5
 1 m
2
E
qv2
 1
5 v2
v2S
 m
5

ð9Þ
Eq. (9) theoretically describes the breakage probability of
elastic spheres. Its application causes difficulties as the
relevant material parameters are seldom known. Further-
more, it is not quite clear which material strength rS leading
to the equivalent velocity vS has to be used in Eq. (9) as
most of the classical mechanical strength parameters like
tension or impact strength are strongly dependent on the test
procedure. Moreover, it is debatable whether they can be
applied to the impact of particles at all. Further work will be
carried out on this problem.
2.3. Determination of the grinding performance—derivation
of relevant material parameters
Rearranging the dimensionless variables in Eq. (4), one
can rewrite Eq. (4) as follows:
S;BF ¼ f WVx
bmax
;
E li
bmax
;
li
x
; m
 
ð10Þ
The initial size of the particles under investigation in this
work lies for the polymers in the range of 2–3 mm, for the
glass spheres between 0.095 and 8 mm. It is assumed that
for these particle sizes, the initial flaw size is far smaller
than the dimension of the particles, and flaw size is not yet
influenced nor limited by the initial particle size. Therefore,
the initial flaw size is independent of the initial particle size
and the parameter li/x will not have any influence on fracture
and the comminution result for these coarse materials. The
assumption will not be valid when the ratio li/x approaches
unity, i.e. the flaw size is limited by the dimension of the
particle as it might occur in fine grinding.
bmax, E and m are fracture and deformation mechanical
parameters. Their use is appropriate, e.g. for geometrically
well-defined problems. In case of the comminution of
particles, their quantitative application is difficult as par-
ticles might be of irregular shape, their orientation during
the stressing event is distributed statistically, and the initial
flaw size (distribution) varies. Therefore, we will introduce
two new parameters, fMat. and WV,i here, which are related to
bmax, E and m but can be applied and determined directly by
well-defined single-particle impact experiments and as
shown in Ref. [17] by laboratory-scale grinding tests. fMat.
characterises the resistance of particulate material against
fracture in impact comminution. fMat. (kg J
 1 m  1) com-
prises the resistance against the external load which is
quantified by the mass-specific elastic strain energy qWV
(J kg 1) and the effect of particle size (m) on fracture.
Higher impact energy as well as a larger particle size
enhance fracture. qWV,i (J kg
 1) characterises the energy
which can be stored in the vicinity of a characteristic crack
of length li without activating the crack and without initiat-
ing fracture. It can be interpreted as specific energy thresh-
old for the activation of the characteristic crack. The energy
threshold WV,i, the length of the characteristic crack li and
the strength parameter fMat. are specific for the particulate
material and independent of particle size. They can be
interpreted as mean particle properties, taking into account
the pure material properties and irregular particle shape.
This leads to a simplified form of Eq. (10):
S;BF ¼ f f fMat:qðWVx;WV ;iliÞg ð11Þ
When experimental results (e.g. Fig. 3, symbols) are
compared with the Weibull statistics of Eq. (9) (Fig. 3,
lines), it can be shown that the adjustable Weibull exponent
m fits the results well when set to 4. Therefore, Eq. (9) will
be simplified to:
S ¼ 1 exp

 const: x 1þ E
ET
1 m2T
1 m2
 1
5 1 m2
E
q
v2S
2
 1
5
 Wm;kin
v2S=2
 
ð12Þ
So far, the main result of this fracture model is the
dependency of the fraction of broken particles S on the
particle size x and the mass-specific impact energy
Wm,kin = 1/2v
2 (or the volume-specific energy q/2v2) which
is implemented quantitatively. As the elastic deformation
energy is proportional to the kinetic energy, this leads to the
same influence of WVx on the breakage probability as
derived by Rumpf’s similarity approach.
When Eq. (12) is interpreted in terms of the Weibull
statistics, the size influence is now included by the particle
size x and the dominating load which leads to fracture by the
kinetic impact energy Wm,kin. Whereas the breakage proba-
bility for glass spheres follows well Eq. (12), the polymers
under investigation show a different performance. A sig-
nificant minimum energy has to be provided in order to
cause any significant particle breakage. Below this energy
threshold, Wm,min breakage does not occur and only few
debris is produced which can be attributed rather to attrition
than to particle fracture. Wm,min characterises the specific
energy which a particle can take up without fracture. As
particle fracture has to start at a characteristic crack, Wm,min
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is obviously related to qWV,i which describes the threshold
energy for the activation of a characteristic crack. Inserting
this threshold energy into Eq. (12) and introducing the new
material parameter fMat. leads to Eq. (13).
S ¼ 1 expffMat:xðWm;kin Wm;minÞg ð13Þ
As with Eq. (11), the parameter fMat. can be interpreted
not only as a material property but even more as a particle
property as it also takes into account differences arising
from particle shape. Comparing Eq. (11) with Eq. (13) in
terms of dimensionless groups shows that the threshold
energy Wm,min has to be size dependent, i.e. the product
xWm,min has to be constant as both WV,i and li are size
independent. The same influence (xWm,min = const.) can be
derived from an integral energy balance, too, when the
elastical strain energy which can be stored within the
particle volume is compared with the required energy to
create fracture surface [6]. The difference (Wm,kinWm,min)
can be interpreted as net energy which is available within
the particle for particle fracture.
Going back to the general Weibull distribution function
(Eq. (5)), one could derive Eq. (13) directly by inserting
(Wm,kinWm,min) as load r, 1/fMat. as strength parameter
and the particle size x as measure for the equivalent chain
length, assuming m = 1. Now, r does not denote a stress but
the load in the form of impact energy, thus leading to a
different Weibull exponent m.
From the experiments presented below (Fig. 4), it can be
seen that Eq. (13) does not only fit the results well for single
impacts (hollow symbols), but also for multiple successive
impacts (up to three impacts, filled symbols). In analogy to
the principle of the weakest link in a chain, Eq. (13), for a
number of k successive impacts with the single impact
energy Wm,kin, can finally be written as follows.
S ¼ 1 expffMat:xkðWm;kin Wm;minÞg ð14Þ
Based on both approaches, i.e. the modified similarity
considerations first published by Rumpf [6] and the fracture
mechanical model based on the Weibull Statistics first
introduced to the field of comminution by Weichert [7], a
correlation for the two main characteristics of the size
reduction process, the breakage probability and the breakage
function is derived. Simplifying both approaches leads to
the same main parameters determining the particle breakage,
namely, the product of impact energy and initial particle
size, the newly introduced material or particle parameter
fMat. and the size-independent threshold value (Wm,minx).
According to the model assumption, fMat. and (Wm,minx)
comprise all particle properties and should therefore
describe the material influence on the comminution result.
In case of the breakage probability or fraction of broken
particles, even an analytical function is obtained which can
be compared to experimental results.
3. Experimental
Single-particle comminution experiments show some
advantages, which allow the determination of the unknown
material parameters. The particle concentration in single-
particle tests is small enough to ensure that particle–particle
interaction can be neglected. The stress intensity (here impact
velocity) is well defined, and because of the shape of the
target ring (Fig. 2), the impact takes places with good
Fig. 2. Single-particle impact device [13].
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approximation at the ideal angle of 90j. The results obtained
allow the description of the materials’ grinding properties
independently of mill type and operational conditions. Fur-
thermore, the comparison of grinding experiments in produc-
tion mills with single-particle tests as reference leads to the
efficiency of the process under investigation. Single-particle
tests can be used as basic grinding tests for new products. This
is of great benefit if only small amounts of sample are
available. A certain disadvantage is the time-consuming
procedure to perform these tests. Therefore, an industrially
feasible comminution test is under development [17].
Fig. 2 shows the single-particle impact device used for
the experiments. It was developed by Scho¨nert [13]. A
vibration feeder transports single particles from the feed
chamber (a) to the disk-shaped rotor (b). There, the particles
enter the rotor centrally and are accelerated in one of the
four radial channels by the centrifugal force. As the grinding
chamber is evacuated and friction during the acceleration
can be neglected, the acceleration results for each moment
in a particle velocity which consists of a radial and a
circumferential component of the same value. Reaching
the outer diameter d of the rotor, they are ejected with a
final velocity consisting of a radial and a tangential compo-
nent, both equal to the circumferential speed of the rotor. As
both the feed and the grinding chamber are evacuated in
order to avoid any disturbing influence of air flows, the
impact velocity v of the particles on the target ring (c) is
given by the ejecting velocity from the rotor as a function of
the rotational speed n:
v ¼
ﬃﬃﬃ
2
p
pdn ð15Þ
For the single-particle experiments shown here, impact
velocities from 60 to 140 m/s were realised at ambient
temperature. At the end of a single test, the size distribution
of the product particles was determined by sieve size
analysis. After the analysis, the product particles were
stressed again under the same conditions in order to simu-
late multiple impacts. This procedure was repeated up to
five times. Different polymers [three different polymethyl
methacrylates (PMMA G55, G7 and G88 from BASF and
Agomer GmbH) and two polystyrenes (PS 168N and 144C
from BASF)] with different mechanical properties were
used. Table 1 gives an overview of the mechanical material
properties according to the available data sheets. Narrow
size fractions of the feed material were produced by sieving.
In each experiment, approximately 2500 particles were
stressed in order to obtain statistically reliable results.
To produce different feed sizes from the nearly mono-
disperse extrudate, the material was ground once in the
single-particle impact device. From the ground product,
sieve size fractions between 2.0 and 2.5, 1.0 and 1.25 and
0.4 and 0.6 mm were produced. As these fractions have
been stressed once in the impact device, they will clearly
show a different grinding performance when compared to
the fresh feed material. However, as all three fractions have
experienced the same stressing history, they will be com-
parable among each other.
4. Results
4.1. Breakage probability
Eq. (11) and (14) account for the influence of the initial
particle size on particle breakage. In Fig. 3, the breakage
probability S of glass spheres covering a size range of
almost two decades is shown. The data were taken from
literature [14,15]. In Fig. 3a, S is plotted as a function of the
specific impact energy (single impacts). The difference in
breakage for the different sizes is obvious. For the same
energy input, smaller particles exhibit a smaller breakage
probability. This can be explained by the fact that for
smaller particles, the circumference of the contact area is
smaller, and therefore, less flaws are affected by the critical
tensile stress. In Fig. 3, the symbols denote the experimental
results and the lines the fit of Eq. (14) to the experimental
data. If the breakage probability is plotted versus the product
of initial particle size and impact energy (Fig. 3b), all curves
overlap, fulfilling both Rumpf’s restrictive condition for a
similar breakage pattern (Eq. (1)) and the combined influ-
ence of impact energy and initial particle size in Eq. (14). As
explained before, the energy threshold Wm,min is approx-
imately inversely proportional to the initial particle size,
leading in accordance with Eq. (11) to a constant value for
xWm,min. This value can be determined in Fig. 3b as the
intercept of the curve with the abscissa. In Fig. 3, the hollow
[15] and the filled [14] symbols denote two different batches
of glass spheres used by the different authors. One can see a
small deviation between the batches for values of S close to
100%. However, both batches of glass spheres can be
described well by a single curve.
Fig. 4 shows the fraction of broken particles, e.g. the
mass fraction of particles smaller than the initial particle
size, for two different polymers (PMMA G55 and G88). The
initial particle size was for both materials a narrow sieve
size fraction between 2.0 and 2.5 mm. The lines in Fig. 4 are
fits of Eq. (14) to the experimental data. One can see clearly
that both materials follow well the Weibull distribution.
Here, the hollow symbols denote the results of the first
Table 1
Mechanical data for the polymers under investigation
PMMA
G55
PMMA
G7
PMMA
G88
PS
168N
PS
144C
Young’s modulus
(MPa) ISO 527-2
3100 3200 3300 3300 3300
Tensile strength
(MPa) ISO 527-2
62 72 75 42 59
Charpy impact strength
(kJ m 2) ISO 179/1eU
20 20 10 28
Density (kg m 3)
ISO 1043
1180 1190 1180 1050 1050
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impact of the particles, the filled symbols, the results for the
second and third successive impact. The results of the
multiple impacts follow the Weibull distribution as well
when they are plotted as function of the total net energy . It
is concluded that the energy provided by impacts which did
not lead to particle breakage was not wasted but led to an
increase in the number of internal flaws and an extension of
existing cracks which weaken the material and are of benefit
for the following stress event.
The energy threshold Wm,min can be determined when the
breakage probability is plotted separately for successive
impacts. Below the energy threshold, no comminution in
terms of particle destruction occurs. Minor damages to the
particles in the form of broken edges or abrasion due to high
local stresses might occur, but no significant fragmentation
takes place. The regime below this energy threshold is
subject to investigations on attrition. When Wm,min is deter-
mined for the successive impacts, a slight decrease in its
value corresponding to the weakening of the material can be
observed. This decrease of about 15%, however, does not
affect the accuracy of Eq. (14) for the materials under
investigation here, thus justifying the application of a mean
value for Wm,min. The same holds for the influence of the
impact number on the parameter fMat.. In Fig. 4, the energy
threshold corresponds to the kinetic energy of the first
impacts causing a significant fraction of broken particles.
Fig. 5 shows the same trends for different sieve size
fractions of PMMA G55 and multiple impacts. The PMMA
was ground once in the single-particle impact device at an
impact velocity of 120 and 80 m/s, respectively. From the
ground product, the sieve size fractions were prepared and
repeatedly stressed again with the same impact velocity. The
data for the different sizes and up to six successive impacts
overlap well, thus showing a similar breakage performance.
Fitting Eq. (14) to the breakage data of single-particle
impact tests gives for each material the material parameter
fMat. and the size-dependent threshold energy Wm,min. When
the breakage data is plotted according to Eq. (14) as a
function of the product of total net impact energy
k(Wm,kinWm,min), initial particle size x and material param-
eter fMat., Fig. 6 is obtained.
Fig. 4. Breakage probability of two polymers as function of the total net
impact energy.
Fig. 5. Fraction of broken particles for PMMA G55 as function of the total
impact energy and initial particle size.
Fig. 3. Breakage probability of glass spheres as a function of the impact
energy and initial particle size.
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One can see that for all materials under investigation,
i.e. three PMMA, two PS, limestone and glass spheres, a
single curve describing the breakage probability is ob-
tained. The main conclusion which can be drawn from
these results is that the influence of the main parameters
stress intensity (impact energy) and stress frequency
(impact number), initial particle size and material property
is quantified correctly by Eq. (14). The plot in Fig. 6 can
be interpreted as a mastercurve describing the breakage
probability of various materials. The description of the
breakage behaviour by a single mastercurve is only possi-
ble if the mechanisms leading to particle breakage show the
same dependencies on the main influence parameters.
Obviously, this is true for the data under investigation
here, justifying the approaches presented above. The prod-
uct fMat.xk(Wm,kinWm,min) can be interpreted as a dimen-
sionless stressing parameter. According to the exponential
decay, a value of 1 corresponds to a breakage probability of
63%.
Furthermore, for the first time, measurable material
properties, the material parameter fMat. and the threshold
energy Wm,min, which describe the grinding performance of
different materials quantitatively, can be determined allow-
ing for a systematic distinction between different materials.
4.2. Breakage function similarity of size distribution of
fragments
As shown above, the similarity in the breakage behaviour
should not only be seen in the breakage probability but also
in the breakage function. In order to compare the breakage
function for different initial particle sizes, the fragment size
y has to be normalised by the initial particle size x, as the
fragment size will clearly depend on the initial particle size.
In Fig. 7, the size distributions of fragments obtained in
single-particle tests of PMMA G55 are shown. It can be
seen that for the same values of xk(Wm,kinWm,min), the
curves for the breakage function overlap quite well. The
same trend can be observed for the breakage functions
calculated from data of Refs. [14] and [15].
From the breakage function, characteristic values like the
ratio x/y50,3 can be derived. x denotes the initial particle size
(minimum size of the narrow size fraction used in the
experiments) and y50,3 the mass-based median value of the
fragment size distribution. When the value of x/y50,3 is
plotted for different materials (polymers, limestone, glass),
different feed sizes and different impact energies as a
function of fMat.xk(Wm,kinWm,min), a monotonous single
curve is obtained. This is illustrated for all parameter
combinations in Fig. 8. For small values of the abscissa
(approximately smaller than 1 or 2), the median fragment
size is close to the initial particle size. Only few fairly large
fragments are produced by the impacts. The fine debris
does not change the value of y50,3 significantly. For larger
values, more and finer fragments form and the mean frag-
ment size changes clearly towards finer sizes. This leads to
greater values of x/y50,3. The more brittle material glass
follows this trend, too, but gives for lower values of the
abscissa slightly larger values of x/y50,3. This divergence
can be attributed to the more brittle character of the glass
compared to the polymers, leading to generally finer frag-
ments. This influence is not yet fully quantified in
fMat.xk(Wm,kinWm,min) and has to be investigated further.
The same tendency but to a lesser extent can be observed
for limestone, too.
The change in slope in Fig. 8 corresponds to the
saturation of the breakage probability for values of
Fig. 7. Breakage function of PMMA G55.
Fig. 6. Mastercurve for the breakage probability of various materials.
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fMat.xk(Wm,kinWm,min) at approximately 2 and above (Fig.
6), when the breakage probability reaches values of 90%
and above. If enough energy is provided to fracture even the
toughest particles, then more than enough energy is pro-
vided for most of the others. This leads to the observed
increase in product fineness. Again, this confirms the
approaches above, emphasising the correct description of
the influence of particle size, impact energy and material
characteristics on the comminution result.
5. Conclusions and perspective
Two approaches describing the influence of material
properties, initial particle size and external load on the result
of impact comminution have been presented. It is shown
that both of them lead to the same influencing dimensionless
parameter fMat.xk(Wm,kinWm,min). Herein, denote x as the
initial particle size, k(Wm,kinWm,min), the total mass-spe-
cific net impact energy, i.e. the sum of the single net impact
energies of successive impacts and fMat., the newly intro-
duced material parameter. This dimensionless parameter can
be interpreted as a dimensionless variable describing the
impact breakage.
It has been shown that Rumpf’s approach based on a
similar breakage pattern cannot only be applied to the
increase in specific surface area but also to the more closely
related functions of breakage probability and size distribu-
tion of the fragments (breakage function). Both are deter-
mined by the dimensionless stressing parameter.
The breakage probability is described by a single master-
curve comprising the breakage behaviour of different mate-
rials (polymers, limestone, glass) of various sizes (95 Am to
8 mm). From the breakage function, the ratio of x/y50,3
shows the same dependencies comprising all the different
materials in a single monotonous curve.
For the first time, measurable material properties des-
cribing the comminution performance in impact grinding of
different materials have been derived and determined
experimentally. These material parameters allow for a
quantitative differentiation between various products and
enable a comparison between different materials of different
sizes.
In future work, it will be investigated if the parameters
fMat. and (xWm,min), which were derived from the results of
impact comminution, can be applied to the problem of
compression as well. It has to be examined if the product
fMat.xk(Wm,kinWm,min) does not only describe the ratio x/
y50,3 well but can be applied to the complete breakage
function. More materials have to be taken into account
and a correlation of the comminution parameters to basic
parameters from fracture mechanical considerations has to
be investigated. A first transfer of the breakage probability
to the simulation of grinding processes in technical mills
was successful and will be studied further [16].
List of Symbols
a (m) diameter of the contact circle
BF (–) breakage function, size distribution of fragments
d (m) rotor diameter
E (Pa) Young’s modulus of the particle material
ET (Pa) Young’s modulus of the target
fMat. (kg J
 1 m  1) material parameter
k (–) impact number
li (m) initial flaw size
m (–) Weibull exponent
n (s 1) revolution speed
pmax (Pa) maximum pressure in contact area
S (–) breakage probability, fraction of broken particles
SV (m
 1) volume-specific surface area
v (m s 1) impact velocity
vd (m s
 1) deformation velocity
vel (m s
 1) velocity of elastic waves
vfract (m s
 1) velocity of crack propagation
vS (m s
 1) strength
Wm,kin (J kg
 1) mass-specific kinetic impact energy
Wm,min (J kg
 1) mass-specific threshold energy for particle
breakage
WV (J m
 3) volume-specific elastic strain energy
WV,i (J m
 3) volume-specific threshold energy for the
activation of a crack
x (m) initial particle size
y50,3 (m) mass-based median fragment size
z (–) number of chain links
Greek letters
bmax (J m
 2) crack extension energy per unit of created
surface
m (–) Poisson ratio of the particle material
mT (–) Poisson ratio of the target
q (kg m 3) particle density
r (–) load
r (Pa) tensile stress
rS (–) material strength
Fig. 8. Normalised median fragment size x/y50,3.
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Subscripts
d deformation
el elastic
fract fracture
i initial
kin kinetic
m mass specific
max maximum
min minimal, threshold
Mat. material specific
S strength
T target
V volume specific
50,3 mass-based median
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